Abstract
An atlas of maps of peak ground motions and intensity "ShakeMaps" has been developed for almost 5,000 recent and historical global earthquakes. These maps are produced using established ShakeMap methodology (Wald and others, 1999c; Wald and others, 2005) and constraints from macroseismic intensity data, instrumental ground motions, regional topographically-based site amplifications, and published earthquake-rupture models. Applying the ShakeMap methodology allows a consistent approach to combine point observations with ground-motion predictions to produce descriptions of peak ground motions and intensity for each event. We also calculate an estimated ground-motion uncertainty grid for each earthquake.
The Atlas of ShakeMaps provides a consistent and quantitative description of the distribution and intensity of shaking for recent global earthquakes as well as selected historic events. As such, the Atlas was developed specifically for calibrating global earthquake loss estimation methodologies to be used in the U.S. Geological Survey Prompt Assessment of Global Earthquakes for Response (PAGER) Project. PAGER will employ these loss models to rapidly estimate the impact of global earthquakes as part of the USGS National Earthquake Information Center's earthquake-response protocol.
The development of the Atlas of ShakeMaps has also led to several key improvements to the Global ShakeMap system. The key upgrades include: addition of uncertainties in the ground motion mapping, introduction of modern groundmotion prediction equations, improved estimates of global seismic-site conditions (V S
Introduction
ShakeMap was first developed to provide near realtime maps of ground motion and shaking intensity following significant earthquakes in California (1999c) . The system is designed to combine instrumental measurements with information about local seismic site conditions and the earthquake source to estimate continuous shaking variations throughout a spatial area (Wald and others, 2005) . The benefit and application to other regions was soon recognized and ShakeMap was implemented in other high-to-moderate-risk areas where rapid assessment of earthquakes is critical (for example, Utah, Alaska, Washington and Oregon, Nevada, Puerto Rico, Italy, and other areas). The U.S. Geological Survey's (USGS) ShakeMap program was subsequently extended in 2004 with the addition of Global ShakeMap, which uses the USGS National Earthquake Information Center's (NEIC) hypocenters and other available constraints to generate ShakeMaps for earthquakes occurring anywhere in the world in near real-time.
While the rapid definition of the distribution and intensity of shaking is critically important, some immediate measure of the actual impact of an earthquake in terms of lives and property in peril is critically needed for response. The Prompt Assessment of Global Earthquakes for Response (PAGER, Wald and others, 2006a ) provides a natural progression from rapid ShakeMap hazard evaluation into the post-earthquake response and loss arena. PAGER shaking input is built on the Global ShakeMap methodologies to provide near real-time assessments of an earthquake's impact. The Global ShakeMaps produced for PAGER are fundamentally predictive rather than data-driven, relying heavily on calculated source parameters (that is, hypocenter and magnitude), groundmotion prediction equations, and first-order assessments of regional site amplification (Wald and Allen, 2007) . This is in contrast to fundamentally data-constrained ShakeMaps currently produced in places like California, where real-time ground-motion recordings are abundant. Additional constraints provided by the USGS's community internet intensityreporting system "Did You Feel It?" (Wald and others, 1999a) , as well as from rapid teleseismic estimates of fault rupture dimensions and near-source ground-motion recordings will
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further refine Global ShakeMap shaking estimates within hours of an event, when and where they become available.
The primary motivation for developing the online Atlas of ShakeMaps is to support the development of PAGER lossestimation methodologies. The Atlas will provide a global, uniformly-derived set of ShakeMaps for numerous recenthistoric earthquakes (since 1973) . Calibration of loss methodologies for PAGER relies on accurately estimating exposures (both human and the built environment) at each observed shaking intensity level. Exposure estimates from Atlas events are currently being correlated with documented earthquake casualty and damage information to derive loss models, and this is the subject of ongoing research (Jaiswal and others, 2008; Porter and others, 2008) . Though developed primarily for PAGER, we anticipate many other uses for the historical ShakeMap Atlas, including disaster response planning, and capacity building and outreach programs, in addition to calibration of other global loss methodology approaches. Figure 1 presents an example of some of the historical earthquakes included in the Atlas of ShakeMaps.
Since the science, data availability, and further earthquake studies continue to improve our capacity to estimate shaking for earthquakes in the Atlas, we expect to update many or all events in the Atlas on an occasional basis as these advancements become available. As such, we have developed a process of version-control to time stamp and label events for tracking purposes. ShakeMaps computed in the first release of the Atlas are labeled as version 1.0. In the sections that follow we describe the data collection and the ShakeMap system upgrades necessary for development of the online Atlas.
Selection of Events
The full Atlas earthquake-calibration list currently comprises almost 5,000 events from 1973 to September 2007. However, the online version of the Atlas is comprised only of those events that have some auxiliary information (about 450 at the time of writing) -that is, additional constraints that reduce the uncertainty of the shaking pattern. Initially, earthquakes were chosen because they resulted in large numbers of fatalities, or incurred large financial losses and damage to critical infrastructure. Consequently, these events were generally well-documented in the scientific literature. However, it was felt that this approach would heavily bias the Atlas (and potentially loss models) to events with high losses. Consequently, we chose to include numerous events that resulted in significant human populations being exposed to moderate-to-strong ground shaking, independent of whether they resulted in fatalities or other losses. This process involved several key steps outlined below.
We used the USGS's Preliminary Determination of Epicenters (PDE) as our primary event list (Sipkin and others, 2000) . The full PDE catalogue comprises entries for almost 540,000 earthquakes of all magnitudes from January 1973 to the present (September 2007 at the time of analysis). Since we were only interested in earthquakes that were likely to have resulted in damage and fatalities, or were strongly felt by large population exposures, we had to impose criteria to objectively reduce the catalogue to a convenient number of events for ShakeMap calculations. To do this, we employed the following steps:
Only include earthquakes with a PDE preferred 1.
magnitude of M 5.5 and greater in active tectonic regions and M 4.8 in stable continental regions as defined by Johnston and others (Johnston and others, 1994) ., Events that resulted in casualties that were not mining triggered or caused by other non-tectonic phenomena (for example, nuclear explosions) were also included. This reduces the dataset to approximately 15,000 earthquakes.
Associate well-located earthquake hypocenters 2.
from the updated Engdahl, van der Hilst and Buland (EHB) earthquake catalog (Engdahl and others, 1998) and centroid moment tensor magnitudes (Dziewonski and others, 1981) to events in the abridged PDE catalog. This was done so that consistently derived technical information could be used to calibrate the ShakeMaps (see PAGER-CAT at http://earthquake.usgs.gov/research/data/pager/).
Roughly approximate the total population exposed 3.
to at least "strong" shaking of Modified Mercalli Intensity (MMI) VI and above by:
3.1. Using the stable-continent ground-motion intensity relations outlined in Atkinson and Wald (2007) , calculate the radius R F that observers would expect to have felt MMI VI and greater from the earthquake epicenter (that is, a point source). We chose the stable continent coefficients since they serve as a conservative estimate of the attenuation of shaking intensity with distance. This would result in a net over-estimation of the population exposed.
3.2 Estimate the fault rupture length L, from the preferred magnitude of the earthquake using the relations of Wells and Coppersmith (1994) . The total search radius from the earthquake epicenter RS is therefore RS = RF + L.
3.3 Aggregate the total population exposure within search radius RS of the epicenter using the LandScan 2005 global population database (for example, Dobson and others, 2000; Bhaduri and others, 2002) . Note: in this step, we did not attempt to hindcast population exposure to the date of the particular earthquake. 1976 Guatemala, B 1988 Spitak, Armenia, C 1994 Northridge, California, D 1997 Umbria-Marche, Italy, E 1999 Chi-Chi, Taiwan, F 2004 Niigata, Japan. G indicates the standard ShakeMap color palate (Wald and others, 1999) .
Armed with an approximate estimate of population exposure for some 15,000 earthquakes, we then further reduced the size of the dataset by imposing the following criteria:
Remove all earthquakes where population exposure to MMI VI level shaking or greater is less than 3,000 people;
Remove all earthquakes where hypocentral depth is greater than 100 km, except those that resulted in casualties; and For earthquakes of M < 6.5, remove events with hypocentral depths greater than 45 km, except those that resulted in casualties.
This culling process leaves 4,856 earthquakes to be included within the Atlas of ShakeMaps. Since it was not practical to seek scientific literature for all of the earthquakes in the current dataset, we have imposed some subjective criteria to target key events within the Atlas. These include systematic literature searches on earthquakes with the following characteristics:
Earthquakes where 100 or more fatalities were observed; Earthquakes of magnitude M 7.2 and greater with intensity MMI VI and above exposure greater than one million people;
Earthquakes of magnitude less than M 7.2 with intensity MMI VI and above exposure greater than 10 million people; or Other earthquakes where auxiliary information is well-documented and easily accessible, or earthquakes that are important to obtain global coverage (for example, 1987 Edgecumbe, New Zealand; 1989 Newcastle, Australia; 1992 Roermond, Netherlands; etc.) .
Overall, these criteria yielded approximately 450 earthquakes in the online Atlas that possess auxiliary information, such as finite-fault models, macroseismic intensities, or instrumental ground-motion data to be used as shaking level constraints. In addition, for many recent events where "Did You Feel It?" data have been acquired, these intensities were also added to the ShakeMaps. The list of calibrated ShakeMaps, including key sources of information, can be accessed in Appendix I. Given the large number of references gathered in the literature survey, an electronic bibliographic database was employed to archive information for long-term storage and retrieval. Bibliographic references for those sources are compiled in Appendix II. Finally, the complete list of 4,856 events compiled for Atlas research is available in Appendix III.
The development of hazard and loss calibration methodologies requires an iterative and updateable approach. Consequently, we envisage that the number of events in the calibration dataset will continue to increase as more historical information and new data become available.
The aforementioned literature survey was extensive and has identified significant quantities of earthquake source information, instrumental ground-motion peak amplitudes, and macroseismic intensity data, but this survey was by no means exhaustive. Consequently, we continue to seek detailed earthquake data to further constrain our estimates of ground shaking for specific events. In the literature review process, we also collect information regarding damage distribution, structural inventory and vulnerability, and the number of fatalities, injuries, and homeless for later use in PAGER loss calibrations.
Earthquake Observations & Constraints
A basic element of the ShakeMap methodology is to allow for the combination of observed and predicted groundmotion peak amplitudes. Instrumental or macroseismic ground-motions are recorded at isolated locations within the spatial extent of the map, whereas peak-ground-motion predictions are produced on a grid using a Ground Motion Prediction Equation (GMPE). When combined, observations always outweigh predictions. Consequently, the predictions are removed from the grid in the vicinity of recordings. The inclusion of a finite fault source for large earthquakes, rather than relying on a point source, also improves the final estimate of ground shaking. Most modern GMPEs predict the ground-motion relative to the distance to the fault rupture, so the regions of highest shaking near the fault rupture are better represented. (Wald and others, 1999) .
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The accuracy of the ShakeMap Atlas is dependent on quality earthquake-source and ground-motion inputs. Finitefault information, observed intensities, and recorded strong ground motions are largely sourced from professional publications and online databases (see Appendices I and II). The systematic collection and archiving of such information for hundreds of earthquakes is a considerable task, and here we describe the approach used to populate the database. While we strive for consistent, high-quality data for the Atlas earthquakes, there is a wide variety of available observational constraints for each event. There are also obvious tradeoffs between quality and quantity of data as we progress back in time to historical events, and our need for expanding the data set to cover sufficient regions and impacts of events around the globe. For these reasons it is important to preserve links or references to original sources for each event, describe our methods of usage, and to provide indicators for data quality.
Finite-Fault Dimensions
Assigning the finite-rupture source for large earthquakes (M > 6.0) is important to reproduce observed ground shaking in ShakeMap ground-motion estimates. This information is sometimes available from post-earthquake surveys that include observations of surface displacement, finite-fault source inversions for the rupture dimensions and slip distribution, or more recently, from InSAR observations. In some cases, we may have inferred an approximate fault rupture extent from aftershock hypocenter distribution. When a finite-fault is used in GSM, the source of the model is documented and referenced. For smaller earthquakes (M< 6.0), unless defined in peer-reviewed literature, a point source is deemed sufficient to describe the location of the rupture, not because source directivity and finiteness effects were not important, but rather this information is rarely available for moderate-sized earthquakes.
The requirements for describing the earthquake source may vary depending on the GMPE used to predict the ground shaking. The range of possible source to distance measures are summarized in the Pacific Earthquake Engineering Research Center's (PEER) Next Generation Attenuation (NGA) project documentation (PEER, 2007) . The more complex distanceto-rupture measures promoted by the NGA modelers over simple epicentral or hypocentral distances require a more detailed source description than is available for some of the earthquakes in the Atlas. However, where available, detailed source models have allowed us to use more refined distance measures (PEER, 2007) . In general, the measures currently used in the Atlas are the so-called Joyner-Boore distance, the distance to the surface projection of the rupture area-or the distance to rupture (the nearest point on the fault rupture to the observation point).
A secondary advantage of being able to define a finitefault is that it makes the ShakeMap calculation independent of the accuracy of the hypocenter calculated from regional or teleseismic waveform data. Indeed, ground-truth rupture locations from either direct fault displacement or static deformation observations provide less uncertainty as to where the rupture occurred, and finite dimensions allow the appropriate distance measure to take precedence over the hypocentral distance measure.
An important, consolidated source for finite-fault models is provided by Martin Mai of the Swiss Seismological Service, Zurich (http://www.seismo.ethz.ch/srcmod/) . Many published finite-fault source models are reformatted and made available in consistent formats. Though readily available, a review of the suitability of the models must still be made prior to usage in our ShakeMap forward modeling. For events for which multiple finite-fault source studies were available in the literature or online, we selected a single description subjectively, and documented the reference (see Appendices I and II). The dimensions for all events using finiteness for the purpose of the GMPE are preserved in the ShakeMap metadata and auxiliary files, available online.
Currently, directivity is added implicitly in the use of existing GMPEs, which average directivity effects. We anticipate adding directivity effects explicitly in the near future using multiplicative factors that can be applied directly to the GMPE ground-motions (for example, Rowshandel, 2006) .
Instrumental Ground Motions
In keeping with ShakeMap procedures as well as many loss-estimation approaches (for example, FEMA, 1994), we gather ground-motion parameters of peak ground acceleration (PGA), peak ground velocity (PGV), and spectral acceleration at 3 periods (0.3, 1.0 and 3.0 s), in addition to macroseismic intensity. At present, macroseismic intensity values are converted to peak ground accelerations and velocity values using the inverse of the Wald and others (1999c) relations.
All significant earthquakes in the NGA (PEER, 2007) and Consortium of Organizations for Strong-Motion Observation Systems (COSMOS) databases were added to the Atlas because gathering these data was a relatively simple procedure. In addition to the NGA and COSMOS data sets, a number of other earthquakes that have been well-recorded on strong-motion instruments have also been used. These events are concentrated in high-risk regions that are now well-instrumented (for example, western U.S., Japan, Taiwan, Iran, Italy, and others). For other historical events we rely on published material to obtain information regarding strong-motion recordings. The number of instrumental (peak horizontal component) data used for calibrating the Atlas at the time of writing is summarized in Table 1 . Where possible we use free-field data only. However, data indicated by an "unknown" site type in the COSMOS dataset (that is, not indicated as free field or as a site on an engineered structure) are also used.
Macroseismic Intensities
Many of the events in the Atlas were not captured by strong-motion instruments, but were nonetheless well-documented with macroseismic observations. In our overall strategy for reproducing shaking levels for past events, documentation of observed shaking intensities from post-disaster surveys is an important constraint.
For macroseismic intensity, the USGS uses Modified Mercalli Intensity (MMI) assignments consistent with the approach of Dewey and others (1995) . Specifically, intensity XI and XII are no longer assigned, and intensity X is available but has not been applied for several decades. Intensity data for many of the Atlas events were assigned MMI values in the literature. Where intensity assignments are made with Medvedev-Sponheuer-Karnik (MKS-64) or European macroseismic (EMS-98) intensity scales, we assume equivalency, and herein we make no attempt to justify this assumption.
In addition to traditional intensity assignments conducted by experts (via surveys of the affected region, from engineering and other reports, or from postal questionnaires), we also employ the "USGS Did You Feel It?" (DYFI?) system for intensity data from more recent events. The DYFI? system greatly facilitates and expedites collection of macroseismic data allowing unprecedented numbers of direct observations of shaking intensity (Wald and others, 2006b) . DYFI? data have also been shown to be consistent with USGS MMI assignments over the entire range of intensities (Dewey and others, 2002) , with minor differences at the lowest intensities. Not only is DYFI? information valuable for areas that experience significant damage, it is also effective in constraining moderate ground-motions at larger distances (or for smaller earthquakes) that are not damaging. Such data explicitly constrain the fact that ground-motions were not damaging, whereas traditional macroseismic data-collection approaches often fail to collect or document such observations, focusing more on higher intensity data and events with such data. The DYFI? data are invaluable to constrain many recent Atlas events, both in the U.S. (post-1999) and internationally (post-2003) , particularly for areas with few seismic instruments. These intensity observations can be treated as "stations" and added directly to the output ShakeMap intensity map as observational constraints. In addition, converting these measurements to peak ground-motion amplitudes further improves contoured ground-motion ShakeMaps. DYFI? reported intensities from international earthquakes tend to be from observers in large towns or cities, providing critical ground-truth data exactly where the population is concentrated (and thus where accurate loss estimates are most important). The use of DYFI? intensities in ShakeMap is discussed further in the "Putting it all Together -Constructing a ShakeMap" section.
ShakeMap methodology also allows for a bias correction to the GMPE when sufficient data (usually greater than 6 stations or macroseismic observations) are available to ensure that the peak ground-motion predictions match the observations on average (Wald and others, 2005) . Such a bias term effectively removes the inter-event bias of GMPEs normally attributed to event-to-event variability, or aleatory uncertainty.
Macroseismic data is typically available in four forms for our events, and they are of variable quality depending on the accuracy of the reported location of the assigned intensity value. Some data are provided as tabulated latitude-andlongitude intensity assignments, while others may provide city or town names which can usually be found and geocoded. The lowest level of accuracy comes from digitizing locations off an isoseismal map, and assigning ordinal intensity values based on location with respect to isoseismal lines. The number of macroseismic intensity and DYFI? data available at the time of writing are summarized in Table 2 .
For macroseismic intensity data, we indicate the following quality ranking (highest-to-lowest quality) in Appendix I:
Assigned intensities, tabulated with latitude and lon-1.
gitude site locations Assigned intensities with site locations digitized from 2.
historic or modern maps DYFI? intensities 3.
Intensities with site locations (typically local town 4.
or cities identified on a map) and intensity values digitized with respect to isoseismal contours 
Ground-Motion Estimation
The ground-motion observations described above provide the most valuable and accurate information as to the actual level of observed ground shaking. However, these observations usually only provide an estimate of the shaking at select locations and do not indicate the full spatial extent of the shaking. Where we do not possess sufficient data to fully constrain our ShakeMaps, we must rely on Ground-Motion Prediction Equations (GMPEs) that estimate the attenuation of ground shaking as a function of magnitude, site conditions, and distance from the earthquake source. These equations largely provide ground-motions in measures of acceleration and velocity as well as spectral ordinates. Because seismic intensity is also a very valuable measure of ground shaking, various equations have been developed to convert between seismic intensity and instrumental ground-motions and its inverse (for example, Wald and others, 1999b) . We use these equations to provide maps of instrumental ground-motion intensities in ShakeMap.
The level of ground shaking is not only dependent on the distance from the earthquake source, but also upon the geology at the site. We employ global maps that use topographic slope as a proxy for seismic site-conditions (Allen and Wald, 2007; Wald and Allen, 2007) in order to estimate potential modification of ground shaking amplitudes from local site geology. Before deciding on which GMPEs and coefficients for local site conditions are used, we must first determine what tectonic regime the earthquake has occurred in; ground-motion attenuation and estimates of local site conditions (based on topography) are dependent on the tectonic regime (Wald and Allen, 2007) . Below, we explain for our choice of groundmotion modeling methods for the ShakeMap Atlas in more detail.
Tectonic Regime
We use three broad categories for defining which tectonic environment an earthquake has occurred in; shallow active tectonic crust, subduction zone (both interplate and intraslab), and stable continent. As described above, the choice of tectonic regime determines which GMPE and site condition coefficients are used to predict ShakeMap ground-motions. Figure 2 provides a logic tree approach to our definitions of tectonic environment. The first step in the logic is to decide whether the earthquake has occurred in a stable continental region (SCR). Stable continental regions are typically characterized by lower attenuation than seismically active regions (for example, Bakun and McGarr, 2002; Atkinson and Wald, 2007) and thus require different GMPEs to describe the Figure 2. Logic tree defining default tectonic environment from earthquake location and source parameters.
ground-motion. In a report prepared for the Electric Power Research Institute, Johnston and others(1994) provided maps of global SCRs. These maps were digitized in a Geographical Information Systems (GIS) framework and used to classify earthquakes in the Atlas as originating in either active crust or stable continent ( fig. 3 ).
If an earthquake has occurred in an active tectonic region, the next step is to choose whether it took place in shallow crust or within a subduction zone. Our default configurations are designed to separate events in these tectonic regimes based on their magnitude and depth ( fig. 2) . However, this configuration can break down in some instances, and the GMPE must be manually reconfigured. For example, the 2002 M W 7.9 Denali, Alaska earthquake, which was a large shallow crustal, strikeslip event, would be allocated a subduction-zone setting based on the default configurations. Fortunately, these events are relatively rare in the Atlas and are usually well documented.
Relationships between Peak Ground-Motions and Intensities
With the expansion of digital strong-motion networks and the advent of online MMI reporting (for example, DYFI?), the number of co-located MMI observations and ground-motion records has increased dramatically. These MMI data can be correlated with nearby strong-motion recording stations to provide MMI-strong-motion relations. Consequently, several relationships that seek to calibrate shaking intensity with measures of peak ground-motion have been developed over the past decade (Sokolov and Chernov, 1998; Wald and others, 1999b; Atkinson and Sonley, 2000; Kaka and Atkinson, 2004; Atkinson and Kaka, 2007) . The current ShakeMap algorithm for mapping intensity from peak ground-motions employs a combination of PGA and PGV, with the former being used for lower intensities, transitioning to PGV for higher intensities (Wald and others, 1999c) .
Ground-Motion Prediction Equations Used
Once we have decided which tectonic environment an earthquake has occurred in, we then select an appropriate GMPE to predict the ground-motions over the spatial extent of the ShakeMap not already constrained by observed groundmotions. For application in GSM, we require that the GMPEs allow for calculation of PGA, PGV and spectral acceleration values at periods of 0.3, 1.0 and 3.0 seconds. Most modern relations satisfy these conditions, but a number of earlier studies provide either one or only a subset of these parameters as predictive variables. In the case where PGV is not explicitly defined, 1 Hz spectral acceleration (converted to velocity) is commonly used as a proxy for PGV (Newmark and Hall, 1982) . This is the logic we have adopted in our analysis for any GMPEs that lack PGV coefficients.
The GMPEs currently used in GSM are Boore and others (1997), Youngs and others (1997), and Atkinson and Boore(2006) for active crust, subduction zones, and stable continent tectonic regimes, respectively. However, the abundant ground-motion and macroseismic data gathered for events around the globe will allow us to render judgment on the applicability of currently used GMPEs, in addition to other modern relations, an effort currently under investigation. Consequently, we expect the default configuration of GMPEs to change in the near future, with the possible need to apply modifiers to some GMPEs (including NGA relations) so that they are applicable at larger distance ranges.
Regional Site Response Corrections
Prediction of site-specific ground-motions from GMPEs relies on the assignment of a local site response factor, generally derived from the average shear velocity over the upper 30 meters (V S 30 ). Because this is now standard practice (for example, Building Seismic Safety Council, 2004), we require a first-order estimate of V S 30 for all regions around the globe in order to estimate reliable ground-motions.
Wald and Allen (2007) describe a technique to derive first-order site condition maps directly from topographic data. Taking the gradient of the regional topography and choosing the ranges of slope that maximize the correlation with shallow shear-velocity observations, this method can recover, to first order, seismic site-condition maps that are of similar quality to site class maps developed from surficial geology and Figure 4A illustrates the topographic relief of the region, which is superimposed with V S 30 measurements color-coded by their V S 30 value. We compare the geologically derived V S 30 map of Wills and others (2000) ( fig. 4B ) with the map derived from the slope of topography ( fig. 4C ). Note the V S 30 values around the San Francisco Bay area vary widely, but they do so with rather systematic trends that are wellrecovered using topographic slope. Figure 4D indicates the relative differences of the predicted amplification derived from the Borcherdt (1994) relations assuming a uniform PGA of 250 cm/s On a global scale, the slope-based approach proposed by Wald and Allen (2007) provides a simple, objective approach to uniform site-condition mapping (Allen and Wald, 2007) . Development of a higher-resolution global topographic database and corresponding slope-derived V S 30 values is under investigation (Allen and Wald, 2008) . Basin structures are acknowledged as being a significant contributor to groundmotion amplification, but we are presently unable to consider these effects using current ShakeMap methodology, particularly on a global scale.
Putting it all Together-Constructing a ShakeMap
Above we have discussed the key elements that are necessary for constructing a ShakeMap. We now present step-by-step examples of the evolution of a ShakeMap for the 2007 Central Peru earthquake, the 1997 Umbria-Marche main shock, and finally, the 2006 Kythira, Greece earthquake.
The 15 August 2007 M W 8.0 Pisco earthquake off the coast of central Peru caused widespread damage in the region and resulted in over 500 fatalities. An unconstrained ShakeMap of this earthquake is shown in Figure 5A . The distance measure used to calculate the ground-motions in this case is estimated by rotating random fault geometries (of appropriate length) about the earthquake epicenter and subsequently calculating a median distance to this fault. This leads to an underestimation of the fault-to-site distance in regions not near the actual fault rupture which, results in overall higher groundshaking estimates in these areas. In contrast, sites closest to the actual rupture will underestimate the true ground shaking because the source-to-site distance is maximized. Adding the DYFI? data to the ShakeMap provides reliable estimates of the shaking in the population centers, where constraining the ground-shaking is most important (fig. 5B) . However, in ShakeMap we only calculate an inter-event bias correction if a finite-fault is explicitly defined, or if the earthquake is below a certain magnitude threshold where fault finiteness can, in effect, be ignored. The current configuration allows a bias term to be calculated for all events less than M W 7.0 that have some measure of ground-motion; it is not appropriate to compute a bias in cases where the observation station-to-fault distances cannot be computed due to lack of knowledge of the fault location. Incorporating the finite-fault into the ShakeMap for the 2007 Peru event, we see that the regions of higher ground shaking now extend further to the southeast, commensurate with the length and orientation of the estimated fault ( fig. 5C ). In contrast, ground-motions further to the northwest decrease slightly owing to an overall larger source-to-site distance being used to calculate the ground shaking. Combining the fault and DYFI? intensity data now provides a better constrained ShakeMap for this event, allowing for an inter-event bias term to be calculated. In this case, the bias term for PGV is again relatively small having a multiplicative factor of 1.05.
The previous example of a ShakeMap's evolution is essentially what can be achieved in near-real-time with the automatic assignment of DYFI? data, coupled with rapid finite-fault estimation methods. However, for most of the events in the Atlas, we must go back to historical records and literature to find the necessary calibration information. Below, we give an example of this using the 26 September 1997 M W 6.0 Umbria-Marche, Italy earthquake. Figure 6A shows the unconstrained ShakeMap as a simple point source event. A finite fault (Hernandez and others, 2004 ) was added to the ShakeMap and resulted in an overall larger area being exposed to strong ground shaking ( fig. 6B ). Some strong-motion data were gathered for the 1997 event from the NGA dataset and these were subsequently added to the ShakeMap ( fig. 6C) . Incorporation of these data resulted in a slight increase in shaking in the epicentral region. An abundance of macroseismic intensity data were collected following this event by the Istituto Nazionaledi Geofisica e Vulcanologia (INGV), Italy and these were added to the ShakeMap ( fig. 6D ). Such dense data coverage results in less reliance on the original GMPE since most of the shaking in the ShakeMap is now defined by actual observations and the prediction equations are only used on the periphery of the map where observations are absent. Abundant data such as this enables us to capture aleatory ground-shaking effects more readily. The Umbria-Marche event presents a best-case scenario for Atlas events, since most events comprise a small fraction of the data used to constrain the shaking of this earthquake. However, intensity data that have been collected for the Atlas enable us to calibrate many historical ShakeMaps better than could be achieved using ground-motion prediction equations alone.
The two previous events demonstrate the importance of being able to define intensities where human exposures are most dense. However, neither of these events strongly demonstrate the use of macroseismic data for correcting the interevent ground shaking bias. Here we examine the 8 January 2006 M W 6.7 Kythira Island, Greece earthquake. Damage from this event was limited to the islands of Kythira and Antikythira, in addition to some locations in western Crete (Konstantinou and others, 2006). ShakeMap ground-motions were first estimated using the Youngs and others (1997) GMPE combined amplifications derived from Wald and Allen's (2007) global seismic site-condition maps ( fig. 7A ). Predicted ground-motions in this unconstrained ShakeMap would suggest that potentially damaging ground-motions would have occurred near Neapoli Voion on the Epidavros Limira Peninsula. However, when we add the macroseismic data from Konstantinou and others (2006) , we observe that ground shaking on the mainland of Greece is significantly diminished, while ground-motions on the island of Kythira remained high ( fig. 7B) . Overall, the ground-motions were reduced by approximately 40 percent from the base ground-motions predicted by the Youngs and others (1997) GMPE. This suggests that the attenuation of strong ground-motion in the subduction zone to the south of Greece may be higher than that predicted by the GMPE. As such, an inter-event bias correction provided by online DYFI? reports may be an important constraint for future events in the region where we may initially overestimate the ground shaking, and the subsequent loss estimates, if we rely on predictive ground-motion equations such as Youngs and others (1997).
Quantifying Ground-Motion Uncertainties
Although ShakeMaps developed for the Atlas and those used in near-real time for the PAGER system are sometimes constrained by rapidly gathered ground-motion and intensity data via the Internet, and/or with rupture dimensions resolved with rapid finite-fault analyses, they are still fundamentally predictive. These factors, plus the systematic estimation of site amplification on a global basis, all add uncertainties. Fortunately, many of these uncertainties can be quantified, and here we discuss efforts to quantify the ShakeMap spatial uncertainty. As discussed below, uncertainty information can be used on a point-by-point basis, or to characterize the overall quality of an event's ShakeMap, providing users with a relative quality weight for use in hazard and loss modeling applications. It is important to note that in this analysis we do not consider the epistemic uncertainty between various ground-motion models, though often relative differences among models are accommodated with the event-bias term others, 2005, 2008) Furthermore, the gridded uncertainty values are a relative multiplier to the uncertainty of the GMPE used.
Quantitative Shaking Uncertainty Calculations
The uncertainty of a given ShakeMap varies spatially over the map area and depends on a number of contributing factors (Lin and others, 2005) . However, it is usually dominated by two factors: (1) spatial variability of peak groundmotions near intensity observations or recording stations, and (2) the aleatory uncertainty associated with the GMPE used to fill in station gaps. Here, we summarize these two sources of variability in estimating ShakeMap uncertainty. This methodology is documented more thoroughly in Wald and others (2008) . It should be noted that we have not considered the contribution of uncertainty of both hypocenter location and magnitude to ground-motion uncertainty. Both of these are significant issues for the near real-time Global ShakeMaps which rely on preliminary event information, but are less so for the historic and reviewed data used in the Atlas.
Spatial variability of peak ground-motions can be generalized in the form of a rapidly increasing uncertainty with increasing distance from the nearest recording station or macroseismic observation. Additional uncertainty arises from estimating ground-motions from the GMPE. This uncertainty in ground-motion prediction is increased due to initial, unconstrained source-rupture dimensions, particularly for large earthquakes (about M W 6.0 and greater). The uncertainty is highest for larger magnitude earthquakes when source finiteness is not yet constrained and, hence, the site-to-source distance is also uncertain. Not knowing the true distance to the fault rupture contributes significant uncertainty, particularly in the near-fault region, and this uncertainty scales with magnitude.
Our goal in quantifying ShakeMap uncertainty is to produce a spatial grid that contains not only the various peak ground-motion parameters at each point, but also the variance at that point for each ground-motion parameter. For generating a map of uncertainty values at each grid point, we consider the cases described below. It is important to note that the gridded uncertainty values are uncertainty multipliers to the sigma of the GMPE used in the ShakeMap.
The least reliable ShakeMaps in our Atlas are those that do not possess any ground-motion data or finite-fault constraints. As mentioned above, we assume that earthquake locations and magnitudes are correct, although these parameters can lead to significant uncertainties of their own. This being acknowledged, for small-to-moderate magnitude earthquakes where point-source representation is sufficient, the uncertainty near the source is equivalent to the sigma of the GMPE used ( fig. 8A ). However, if ground-motion data exist, then the uncertainty at a grid point is controlled by its proximity to the nearest station (10 km or less) as defined by Boore and others (2003) . The spatial variability in ground-motions thus reduces to zero as the distance between known and unknown sites decreases to zero ( fig. 8B) .
For earthquakes where a point source is not sufficient to describe the ground shaking and no finite-fault is defined, the spatial distribution of uncertainty becomes more complex. Because many GMPEs use a site's distance to the fault rupture or surface projection of the fault, we must incorporate additional uncertainty into our ground-shaking estimate. This is because we do not know the dimensions or orientation of the fault rupture. Consequently, we adopt the results and the approach defined in an Electric Power Research Institute (2003) report, in which the distance adjustment is determined for the case where the rupture orientation is assumed to be uniformly distributed in azimuth from 0 to 360 degrees and for a combination of strike-slip and reverse ruptures using random epicenters. Hence, when the fault geometry and orientation are not known, a median value of ground motion at each point is provided rather than the simple epicentral distance-based estimation. While this approach is currently used for ShakeMap, it tends to underestimate ground motions near a finite fault (since it uses the maximum possible source-station distance) rather than providing a mean value based on random fault geometry and epicenter. Since we have some confidence in the fault location at the epicenter, the uncertainty at that point is controlled by the sigma of the GMPE. Moving away from the epicenter, the uncertainty is given by the EPRI relations and increases immediately adjacent to the epicenter and gradually decreases with distance ( fig. 8C ). The level of uncertainty increases as the magnitude increases owing to the increasing dimensions of the fault. If ground-motion data exist, then the uncertainty of the map is zero at the station, but then follows the relations of Boore and others (2003) at distances less than 10 km from the site (fig. 8D ).
In the case that we have a fault dimensions, but no additional ground-motion data, then the uncertainty is uniform across the whole ShakeMap and is equal to the sigma of the GMPE ( fig. 8E ). Although the finite-fault itself may be an approximation only, we assume that the fault definition is sufficient and that all uncertainty in the ShakeMap is derived from the GMPE. The most reliable ShakeMaps are those that comprise both significant numbers of ground-motion data (instrumental and/or macroseismic) and an estimate of the fault rupture. Where there are stations, the uncertainty is reduced to zero, and elsewhere the uncertainty is equivalent to that of the GMPE (fig. 8F ).
Qualitative Uncertainty Assignments
For each ShakeMap in the Atlas, we provide a letter grade (A-F) as to the quality of the map. The grade is based on the average uncertainty of the ShakeMap at onshore sites of MMI VI and above. The grading scale is derived rather subjectively by assessing the mean uncertainty, with the highest grades being assigned to those earthquakes for which we have high confidence that the ShakeMap is representative of the observed shaking. Lower grades are assigned to those events that are less well constrained and have higher values of mean uncertainty, with the lowest grades given to those events with large magnitudes that do not have additional constraints. The grading scale is defined in Table 3 and each example in Figure  8 is assigned an uncertainty letter grade. These grades are useful in providing a relative weighting of the Atlas events in loss calibration analyses.
ShakeMap Atlas Products
Many previous studies on earthquake vulnerability and loss have relied on variable approaches to map hazard. Consequently, deficiencies in ground-motion descriptions were often propagated through to error in loss estimates and the two would be hard to separate. In fact, many studies rely on simple point-source descriptions, ignore depth variations or site conditions, and greatly simplify ground-motion attenuation with distance to the source (for example, Chen and others, 1997; Samardjieva and Badal, 2002; Nichols and Beavers, 2003) . In Table 3 . Uncertainty grading scale used in GSM.
Grade
Mean Uncertainty Factor Figure 8 . Examples of ShakeMap uncertainty grids for the cases of; A moderate-sized event where point source representation is sufficient with no additional data; B moderate-sized point source event with additional ground-motion data; C large earthquake with no data constraints; D large earthquake with some ground-motion data and no fault; E large earthquake with finite-fault representation and no additional ground-motion data and; F large earthquake with both finite-fault and ground-motion data constraints. The thick black contours enclose the regions of MMI VI and greater, and an uncertainty letter grade is given in the lower left corner of each map.
contrast, studies that have been performed using a systematic approach to mapping hazard are often not openly available. A primary benefit of employing the ShakeMap system for generating the Atlas is the production of a consistent set of maps for each earthquake, each generated with well-accepted and documented procedures. A secondary benefit of this approach is the uniformity of output hazard products, ranging from GIS maps, HAZUS (FEMA, 1994) specified input files, and Extensible Markup Language (XML) formatted grid output files containing parametric data and uncertainties for all points on each ShakeMap. The range of consistent products for each event provides a benchmark for loss modeling, response and mitigation analyses, in addition to other research efforts.
Here we describe these products in brief. A more detailed description can be found both online (http://earthquake.usgs. gov/shakemap/) and in the ShakeMap Manual (Wald and others, 2005) . Since the Atlas will be updated regularly with additional earthquakes, going both forward and backward in time, we plan to release an updated version, approximately yearly. We also outline our plans for updating the Atlas and associated databases using version control.
The Atlas ShakeMap web pages are built from the template for existing ShakeMap pages. The Atlas events are given a separate Archive, allowing (as for other ShakeMaps) subsets of maps to be sorted by either date or country. Once finding the ShakeMap pages for a specific event, the products are consistent with any online ShakeMap (Wald and others, 2005) . ShakeMaps produced by regional U.S. networks will be retained in their present state and key events will be duplicated in the Atlas, reflecting the difference in near-real time ShakeMaps versus ShakeMaps augmented with later obtained auxiliary data such as fault dimensions and macroseismic observations.
The Atlas web pages and maps are also interactive. Selection of individual stations (triangles) or macroseismic observations (circles) on the map initializes a pop-up lookup table that provides station and macroseismic data information, including names, locations, coordinates, the peak ground-motion values recorded on each component, or the reported intensity. As described earlier, if the reported data were ground-motion recordings, then we also report the inferred intensity; if the data were originally macroseismic intensity, the inferred peak ground-motions are reported. The Web interface thus provides a convenient format for obtaining detailed strong-motion information for specific sites.
For each ShakeMap, all maps and associated products for that event are available on the earthquake-specific Web pages as described below. The link provided at the bottom of a ShakeMap's Download page entitled Product Formats provides detailed background for each of the map and product formats available. Products available for download are: maps of instrumental intensity, PGA, PGV, peak spectral values, and uncertainty; raw data grids; a list of stations used in the ShakeMap with their location and peak motions; GIS files (for example, ArcGIS shapefiles); and KML files for use in Google Earth. Version 1.0 of the online version of the Atlas was "frozen" in time once uploaded. As we further enhance the Atlas, a new version will be put online, but only after significant revision and additional events warrant a new release. At that time, changes from the earlier version will be documented and the prior version will be archived. We will allow for easy visual comparison of the maps from one version to the next so that users can easily identify significant changes to the maps.
As the Atlas is updated, future revisions may include several enhancements to Version 1.0, including:
Addition of recent events and more historical events.
Employ revised global V S
30 grid with higher resolution Shuttle Radar Topography Mission (Farr and Kobrick, 2000) topography data.
For those events with source-rupture models, the rupture dimensions will be available for download in detailed XML and text formats, commensurate with the rupture models available in the literature.
Updated GMPEs, possibly modified to predict groundmotions over larger distances.
Rupture induced directivity will be added explicitly using the approach of Rowshandel (2006) .
Fitting simple functions or shapes (for example, ellipses) to hill-basin interfaces, derived from change in slope, whose aspect ratios could provide an estimate of basin location, orientation, and depth.
Enhanced intensity-to-ground-motion conversions. For example:
Invert Wald and others(1999b) data to solve for PGM given MMI data (for example, Gerstenburger and others, 2008) Add magnitude and distance dependence to Wald and others(1999b) relations Use of Bayes Theorem to estimate PGM given MMI as well as magnitude and distance (Ebel and Wald, 2003) 
Composite Global ShakeMap
Finally, armed with almost 5,000 ShakeMaps of significant earthquakes, we have created a composite ShakeMap to provide a global perspective of earthquake ground shaking from January 1973 to September 2007. The ShakeMaps are combined to give the maximum PGA experienced at a particular location ( fig. 9A ). This map can be compared to the Global Seismic Hazard Map (GSHAP; fig. 9B ) (Giardini and others, 1999) . While both the Atlasbased and GSHAP maps were derived with a similar catalogue of historical seismicity prior to 1999, the Atlas represents hazard due to events that have actually occurred since 1973 (approximately 35 years) and is not influenced by earthquake recurrence estimates, tectonic strain rates, palaeoseismological or geomorphological investigations, or geodetic constraints. Additionally, unlike the GSHAP map, the Atlas-based map was produced with a uniform approach to ground-motion estimation, includes data and additional source constraints, and also incorporates amplification from topographicallybased seismic site conditions. In contrast, GSHAP used more variable approaches to characterize the hazards from region to region.
With this information, we are able to quantitatively compare the two maps. We do this by finding the ratio of the GSHAP map of 10 percent chance of exceedance in 50 years relative to the composite ShakeMap PGA map. Given that the ShakeMap Atlas represents approximately 35 years of global ground shaking, we would expect approximately 7 percent of the global landmass to have exceeded the GSHAP hazard. Oceanic areas that have ground-motions and hazard associated with them are masked from the comparisons. There are some important conditions that must be recognized prior to evaluating these results. Because the Atlas was designed primarily to support the development of loss estimation methodologies, we only include earthquakes that have significant population exposure to moderate levels of ground shaking. Furthermore, we only include earthquakes of magnitude 5.5 and greater, unless the earthquake resulted in fatalities. These factors may lead to an underestimation in the observed PGA in some regions that have only experienced small, non-damaging earthquakes (for example, eastern North America). Consequently, the total area of our composite map to have exceeded the assigned PGA hazard in GSHAP should be an underestimate (that is, less than 7 percent), since we do not consider full global coverage or lower magnitude events. Another important consideration is that our composite ShakeMap includes the effects of uniform global site response (Wald and Allen, 2007) , whereas the GSHAP hazard map provides bedrock hazard only. This effect should act to slightly increase the predicted ground-motion, and subsequently, the spatial area on the composite ShakeMap exceeding GSHAP. Figure 10 indicates the percentage ratio of our composite ShakeMap PGA map against the GSHAP map for South America. Values of lower than, equal to, or above, 100 percent represent where the composite map is lower, equal to, or exceeds the GSHAP map, respectively. Table 4 summarizes the percentage area of landmass that has exceeded GSHAP hazard for map regions compiled by others (1999), McCue (1999) , Tanner (1999), and others (1999) . Other key regions that are well constrained in the Atlas are considered separately (for example, California, Japan and Turkey). We do not attempt to make any qualitative assessments on these results. We note that in some regions the composite ShakeMap does appear to reflect a percentage area exceeding GSHAP near 7 percent (for example, Africa, Continental Asia and Japan). However, predicted hazard in other regions appears conservative relative to observed activity over the past 35 years (for example, Australia, SW Pacific and SE Asia, and the Americas). A possible explanation may be that some probability of a large earthquake or earthquakes was factored into hazard calculations and these events that have not been observed in modern times. Note, that the 2004 M W 9.0 Sumatra-Andaman Islands earthquake and tsunami only affected a small fraction of the landmass in the Australia, SW Pacific and SE Asia hazard map (McCue, 1999) in terms of actual ground shaking. Consequently it only had a minor effect on the spatial area of the map that exceeded GSHAP.
Because there are many events within the Atlas that have no data constraints, we acknowledge that there may be some uncertainty associated with purely predictive groundmotions. However, many of the largest events in the catalogue that exceed GSHAP hazard are indeed well-constrained with finite-fault models and some information regarding the level of ground shaking.
Conclusion
The primary motivation for the development of the Atlas of ShakeMaps has been for the subsequent development of PAGER loss methodologies (for example, Jaiswal and others, 2008; Porter and others, 2008) . However, development of the Atlas has also provided incentive to implement several improvements to the Global ShakeMap system itself. The key improvements and related research are summarized as:
More precise polygons indicating stable continental and active tectonic regions digitized from the maps of Johnston and others (1994) .
Introduction of modern Ground Motion Prediction
Equations (for example, Atkinson and Boore, 2006; Boore and Atkinson, 2007) and quantitative evaluation of each model against observed global data.
Improved estimates of uniformly-derived seismic-site conditions (V S

30
) for the globe.
Routine calculation of ShakeMap uncertainty
Improved download documentation with the introduction of the "info.xml" file which indicates precise information regarding the input parameters used for the current ShakeMap (that is, GMPE used, bias applied to GMPE predictions for each ground-shaking type, fault file used, mean uncertainty, and map grade).
An unexpected benefit of the Atlas is that it has proven beneficial for developing experience and confidence in modeling hundreds of significant earthquakes, skills useful for the real-time response to future global earthquakes. This experience, together with knowledge of fault rupture models from other historical earthquakes in any chosen region, can assist in rapid assessment of the expected ground shaking and impact using GSM. In response to the recent M W 7.7 Chilean earthquake on 14 November, 2007, we were able to rapidly and successfully approximate the earthquake fault rupture by referencing historical ruptures in the Atlas and subsequently estimate the expected ground shaking before finite-fault inversions were available or aftershocks had occurred to help constrain the extent of the rupture. A further benefit derived from the Atlas includes a quantitative approach to evaluate global and regional earthquake-hazard maps employing our composite PGA map based on a catalogue of 35 years of global seismicity. We can also estimate the number of times a certain hazard level has been exceeded at any grid point.
The collection of significant quantities of global groundmotion data has prompted us to reevaluate the GMPEs used in the Global ShakeMap system. As discussed previously, the current configuration of GSM employs Boore and others (1997) , Youngs and others (1997) and Atkinson and Boore (2006) for active crust, subduction zones and stable continent tectonic regimes, respectively. Over the past few years, several new relations that seek to predict ground motions in different tectonic environments have been developed through the NGA project (PEER, 2007) and other studies. We are currently quantitatively assessing the applicability of several well known GMPEs against Atlas ground-motion data for their application in GSM. In addition to the currently configured GMPEs listed above, they also test several other relations in active crust (Sadigh and others, 1997; Chiou and Youngs, 2006; Kanno and others, 2006; Boore and Atkinson, 2007; Campbell and Bozorgnia, 2007) , subduction zones (Atkinson and Boore, 2003; Kanno and others, 2006; Lin and Lee, 2008) and stable continental regions (Atkinson and Boore, 1997; Toro and others, 1997; Campbell, 2003) . We are also investigating the possible need to modify GMPEs that have limitations in predicting ground-motions beyond 100 or 200 km. Along with corrections to GMPEs comes the need to modify PGM-MMI relations based on their distance residuals, coupled with possible differences in residuals owing to tectonic regime.
While the ShakeMaps are generated using a systematic approach, quality of the maps does vary; they are only as reliable as the data and direct observations, site conditions, GMPEs, and other input constraints used to generate them. Consequently, we continue to seek robust earthquake data to update and improve our predictive capacity of ground shaking for future earthquakes.
Though developed primarily for the PAGER project, we anticipate other uses for the historical ShakeMap Atlas, including disaster response, scenario planning, mitigation, and outreach programs. The updateable, fully documented online version of the ShakeMap Atlas will also facilitate direct comparison of loss estimates for alternative loss methodologies against a systematically-derived set of ShakeMap hazard inputs and outputs.
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